ABSTRACT. An acoustic plethysmograph designed to measure body volumes of infants is described. This method uses the principle of the Helmholtz resonator in which the resonant frequency of a chamber is inversely proportional to the square root of the volume of air inside the chamber. After an object is placed inside the chamber, the change in resonant frequency is used to measure the volume of the object. The coefficient of variation of repeated measures of body volumes of 13 miniature piglets (5 to 18 days old, body weights 1253 to 2631 g) ranged from 0.3 to 3.2%. Body volumes measured by the acoustic method agree closely with those calculated from carcass analysis in which body volume is the sum of the volumes of total body water, fat, protein, and minerals. Fat-free mass computed from densitometry using a four-compartment model and body volume measurements from the acoustic method agrees with fat-free mass obtained from carcass analysis. The mean difference between methods was not significant: 1 ml for body volume and 3 g for fat-free mass. The limits of agreement between methods was f 75 ml for body volume and f 214 g for fat-free mass. Our results indicate that the acoustic method can measure a change in body volume of 75 ml and a change in fat-free mass of 214 g in a 2000 g infant. (Pediatr Res 24: 85-89, 1988) (7), pressure differential (8, 9), and a combination of water and air displacement (10, 11) have been explored. None of those methods is without technical difficulties: e.g. changes in chamber pressures due to alterations in chamber temperature and respiratory gas exchange and evaporative water losses from the subjects.
pressures due to alterations in chamber temperature and respiratory gas exchange and evaporative water losses from the subjects.
In collaboration with colleagues from the University of Houston, we developed an acoustic plethysmograph, based on the Helmholtz resonator principle (12, 13) . A detailed discussion of the theory and construction of an early prototype resonating chamber has been published (12, 13) . Preliminary validation of this method based on measurements of inanimate objects and anesthetized infant miniature pigs demonstrated the potential usefulness of this method for body volume measurements in infants (12, 13) .
We designed the present experiment to assess the validity of the acoustic plethysmograph to measure body volumes and to estimate the fat-free mass of anesthetized infant miniature pigs. Values of body volume obtained by the acoustic method were compared with estimates of body volume calculated from the chemical analysis of the whole carcass. Values of fat-free mass estimated from body density were compared with those obtained from carcass analysis.
METHODS
Assessments of energy metabolism and requirements of infants have been impeded by the paucity of acceptable methods to determine body composition. Of the various techniques that have been explored, those based on densitometry (1) have the most appeal because they are noninvasive and can be used repeatedly over short periods.
The determination of body density requires the measurement of body mass and volume. Although accurate measures of body mass can be obtained, no satisfactory method exists for the measurement of the body volume of infants. Underwater weighing (2, 3) and water displacement (4) methods are considered to be reliable for the estimation of body volume of adults, however, they are not feasible for measurements in infants because they require submersion of the subject. Therefore, methods, such as photogrammetry (5) , air displacement (6) Experimental design. Thirteen infant miniature pigs of the Pitman-MooreIHanford strain were used (Bastrop Farms, Bastrop, TX). The animals ranged in age from 5 to 18 days and in body weight from 1253 to 263 1 g. The piglets were anesthetized with a combination of ketamine (20 mg/kg), administered intramuscularly, and pentobarbital Na (10 mglkg), administered intraperitoneally, after which they were shaved and weighed. Body weights were measured within f 0.5 g. Body volumes were measured with the acoustic plethysmograph. After the measurements, the piglets were killed with an overdose of pentobarbital Na, and their chemical composition was determined by carcass analysis.
Body volume measurement using acoustic plethysmography.
Measurements of body volume with the acoustic plethysmograph are based on the principle of the Helmholtz resonator (12, 13) . The Helmholtz resonator consists of a chamber with a volume of air coupled to a source of sound waves (a speaker). The frequency of the generated sound waves is varied over a small range until a maximum sound level, which corresponds to the resonant frequency, is reached inside the chamber. The resonant frequency is inversely proportional to the square root of the volume of air inside the chamber. When an object is placed inside the chamber, the volume of air is altered and a change is ~G c u l t u r e , ~~r i c u l t u r a l Research Service under Cooperative ~G e e m e n t 58-produced in the resonant frequency.
~MNI-6-100.
The prototype instrument consists of a rectangular acrylic box driven by a sine-wave generator and its frequency is controlled by computer. The sound level in the chamber is detected by a microphone whose signal is amplified, filtered, and monitored by computer. The sound level in the chamber is less than 65 decibels. The frequency of the loudspeaker's signal is varied in response to a searching program designed to identify the resonant frequency. The resonant frequency of the system ranged between 100 and 120 Hz. The sound level at this frequency is barely audible and is innocuous to the infant. The resonating chamber and its external environment are maintained at a fixed temperature by placing the chamber, speaker, and two space heaters in a larger enveloping acrylic chamber. A diagrammatic representation is shown in Figure 1 .
The resonant frequencies produced when blocks of known volumes were placed in the chamber were used to construct a calibration curve. The volumes ranged from 1000 to 3000 ml. Body volumes of the anesthetized piglets were computed from the calibration curve using the measured resonant frequencies for the individual piglets. All measurements for the calibration curve and piglets were done at 35" C, a temperature appropriate for piglets at that age. Ten 1-min measurements were made on each piglet. An average of the measurements was used to estimate body volume.
Body volumes computedfrom chemical composition. The total
amounts of body water, fat, protein, and minerals of the carcass were determined using established laboratory procedures (14, 15) . Total body water was calculated from the difference between wet and dried carcass weights. The entire dried carcass was homogenized to a fine powder of which a portion was extracted with diethyl ether. The fat content was calculated as the difference between the weights of the dried and fat-free dried samples. The nitrogen content of the fat-free dried samples was determined by the micro-Kjeldahl method. Protein was calculated by multiplying the amount of nitrogen by 6.25. Known weights of homogenized dried tissues were ashed to a constant weight in a muMe furnace at 500" C. The amount of body minerals was calculated by multiplying body ash by a factor of 1.035 (1). All samples were analyzed in duplicates.
Body volume (V) was calculated as the sum of the volumes of the four chemical compartments: total body water (w), total body fat (f), total body protein (p), and total body minerals (m). The volume of each was calculated from its weight (W) divided by its density (D). The following density values were used: 0.9937 (I), 0.914 (16), 1.34 (I), and 3.038 (1) for water, fat, protein and minerals, respectively.
Calculation offatfree massfvom densitometric approach. Body fat was calculated by the densitometric method in which the body was divided into water, fat, protein, and minerals (1). The equations used assume that the sum of the weights and the sum of the volumes of the four compartments are equal to the total body weight and the total body volume, respectively. Equation 3 was derived from equations 1 and 2 when the density values of 0.9937 (I), 0.914 (16), 1.34 (I), and 3.038 (1) were used for water, fat, protein, and minerals, respectively.
Total body fat can be calculated when the following values are known: body weight, body volume, total body water, and mineral weight. Body volume was measured by the acoustic method, total body water, and minerals were obtained from carcass analysis of each animal. The difference between total body weight and total body fat (fat mass) is the fat-free mass of the piglets.
Calculation of fatfree mass from carcass analysis. Values of
fat-free mass were obtained from the difference between body weight and total body fat which was extracted with ether.
Calculation of body density. The body density of each piglet was calculated from its body mass divided by its body volume. Two body density values were calculated for each piglet; the first from body volume measurements obtained from the acoustic method and the second from body volume values computed from the chemical composition of the carcass.
Data analysis.
We tested the reproducibility of the acoustic method by calculating the coefficient of variation of repeated measures of the volumes of inanimate objects and the body volumes of anesthetized miniature pigs. The agreement between body volumes measured by the acoustic method and those computed from the chemical analysis was assessed by a pair-wise comparison which showed the relative bias (mean difference) and the limits of agreement (mean difference + 2 SD of the differences) between the two methods. The differences between the two methods were plotted against the mean body volumes obtained from the two methods (17) . Regression analysis was used to test for any significant relationship between the differences and the mean body volumes. The difference in body volumes between the two methods was tested for significance BODY VOLUME BY ACOUSTIC METHOD using a paired t test (17, 18) . A similar approach was used to assess the agreement between fat-free mass estimated by densitometry and that obtained from carcass analysis.
RESULTS
A linear relationship was observed between the resonant frequencies and the known volumes of solid blocks used to calibrate the chamber. This frequency-volume calibration curve was displaced by 0.2 Hz with every l o C change in temperature. Therefore, all measurements were performed at 35" C. The coefficient of variation of repeated measures of body volumes of the anesthetized minipigs ranged from 0.3 to 3.2%. The higher values resulted from movements when the minipigs were lightly anesthetized.
Results of the acoustic measurements and chemical analysis are shown in Table 1 . There were no significant differences when body volumes and densities obtained with the acoustic method were compared with those from chemical analysis (paired t test, p > 0.9). The difference between the two methods was less than 2.9%, with a mean of -0.02% a 1.72.
The agreement between body volume measured by the acoustic method (Y) and that obtained from chemical analysis (X) was shown by the regression equation: Y = -8.4 k 1 .OX (SEE = 38.9, r = 0.995) (Fig. 2) . The intercept, -8.4 ml, was not different from zero ( p > 0.9). A plot of the differences of the volumes obtained from both methods against the mean volume is shown in Figure 3 . The differences were determined to be distributed normally. The mean difference between methods of -1 ml a 37 was not statistically significant ( p > 0.9). The slope of the line was not significantly different from zero. The difference between the volumes measured by the two methods was not correlated with the absolute volume. Because the differences are normally distributed, 95% of the differences will lie between +74 ml and -76 ml which are defined as the upper and lower limits of agreement (mean difference + 2 SD of the differences).
Fat-free mass calculated by the densitometric method was in agreement with the value obtained by carcass analysis (Fig. 4) . The slope (1 .O) and intercept (-1 g) of the regression line are not significantly different from the line of identity ( p > 0.9).
Normal distribution was determined for the differences of the fat-free mass obtained from both methods (Fig. 5) . The mean difference between methods was 3 g + 107 and was not statistically significant ( p > 0.9). The difference between the fat-free mass obtained by the two methods was not correlated with the absolute fat-free mass. As the differences are normally distributed, 95 % of the differences will be between +2 17 and -2 1 1 g. BODY VOLUME (chemical) ml 
DISCUSSION
The acoustic plethysmograph appears to provide a precise and accurate estimate of body volume. Estimates of fat-free mass derived from acoustically obtained body volume values agree closely with those determined by direct chemical analysis of the carcass. Variability in the differences between values derived by the acoustic method and by wet chemistry were greater for fatfree mass than for body volume. The variability of estimates of fat-free mass (2 SD of the difference divided by mean fat-free mass) was 11.9%, a value larger than 3.9% for body volume measurements. The difference results from the relationship between fat mass and body volume when the densitometric fourcompartment approach is used. As indicated in equation 3, a 1 % error in the measurement of body volume will propagate to a 2.9% error in the fat-mass estimation. Our results indicate that in a 2000-g piglet, the acoustic plethysmograph can measure a change in body volume of 75 ml and a change in fat-free mass of 214 g with 95% confidence.
Available methods to determine fat-free mass in infants are limited. Fat-free mass or lean body mass can be estimated from total body 40K determinations (19, 20) , but facilities for this measurement are not generally available. The estimation of body fat from the solubility of inert gases such as xenon (21) has promise, but this approach requires long periods of confinement before equilibration is achieved. More recently, the perturbation of an electromagnetic field by body electrolytes has been explored and findings have shown an excellent correlation between electrical conductivity measurements and estimates of fat-free mass derived from isotopic water in humans (22) or direct carcass analysis of animals (23) . The sensitivity of the method to body geometry, however, must be assessed carefully before its application to rapidly growing infants.
The major uncertainty in the use of acoustic plethysmography is the potential error introduced by the residual volume of air in the lungs and gastrointestinal tract. Total lung capacity and functional residual capacity in a 3-kg newborn infant have been estimated as 5.3 and 2.7% of body weight, respectively (24) . The contribution of air in the gastrointestinal tract to the volume of residual air in infants is not known accurately, but may be significant (25) . Furthermore, residual air is not expected to resonate with the free air in the resonating chamber. Thus the volume measured by the acoustic method may be larger than true body volume by at least 2.7%. No mean difference was detected, however, between estimates derived by acoustic plethysmography or direct chemical analysis.
Several possibilities may account for the agreement between the means of the two approaches. Methodological errors may be too large to detect the magnitude of error indicated. Other errors may be introduced by the assumption that the volumes of water, fat, protein, and minerals are additive. In addition, these errors may compensate for each other in a reciprocal manner.
An issue to be resolved with the current prototype acoustic plethysmograph is that measurements of body volume are affected by gross movements of the subject. We believe, however, that because each measurement requires only 1 min, movement artifacts should not complicate measurements in a resting low birth weight infant.
In summary, the capacity of acoustic plethysmography to measure body volume in low birth weight infants has been demonstrated. The usefulness of this measure may be increased when it is combined with the measurements of total body water by tracer methods (e.g. H2I80), literature values for the body content of minerals (26, 27) , and density values (for water, minerals, fat, and protein) (1) for estimates of fat-free mass using the densitometric approach.
